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The University of Michigan dioxin exposure study was
undertaken to address concerns that the industrial discharge
of dioxin-like compounds in the Midland, MI area had resulted
in contamination of soils in the Tittabawassee River floodplain
and downwind of the incinerator. The study was designed in a
rigorously statistical manner comprising soil measurements
of 29 polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs)
from 766 residential properties, selected probabilistically, in the
Midland area and in Jackson and Calhoun Counties (Michigan)
as a background comparison. A statistical comparison
determined that the geometric mean toxic equivalent (TEQ)
levels in samples from the target populations were statistically
significantly above background. In addition, the probabilities
of being above the 75th and 95th percentiles of backgroundwere
also greater. Congener contributions to the TEQ were
dominated by 2,3,4,7,8-PeCDF and 2,3,7,8-TCDF in the floodplain
and by 2,3,7,8-TCDD in the incinerator plume. However, PCB
126 was the top congener contributing to the background TEQ.
On the basis of statistical inference to the total population, it
was estimated that about 36% of the properties in the floodplain
and incinerator plume have at least one soil sample over the
MichiganDepartmentofEnvironmentalQuality’ssoildirectcontact
criterion of 90 pg/g TEQ.
Introduction
The University of Michigan dioxin exposure study (UMDES)
was undertaken in response to concerns among residents in
the Midland, MI area that the historic discharge of poly-
chlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs) from the Dow Chemical Company
facilities had resulted in soil contamination in the Tittaba-
wassee River floodplain and in the City of Midland leading
to an increase in residents’ body burdens of these com-
pounds. Dow Chemical has operated in Midland, MI since
1897 manufacturing a wide range of chemical products such
as chlorine through the electrolysis of brine (since its founding
(1)) and chlorinated phenols by reacting chlorine gas and
phenol (from 1937 to 1982 (2)). Historically, wastes from these
manufacturing operations were incinerated, resulting in aerial
deposition in the City of Midland, discharged directly to the
Tittabawassee River or discharged to waste ponds that were
periodically breached during flooding events. To analyze the
relationship between soil contamination and area residents’
body burdens, UMDES was a large multidisciplinary un-
dertaking including measurements of dioxin-like compounds
not only in soil but also in household dust and serum from
populations in Midland, Saginaw, and Bay Counties (Michi-
gan) as the target areas and from Jackson and Calhoun
Counties (Michigan) as a background comparison. To
account for additional factors that might impact levels of
dioxin-like compounds in serum, the study also comprised
the administration of a questionnaire covering age, weight,
and smoking habits; residential, occupational, and dietary
histories; and recreational habits including hunting, fishing,
and water activities. This paper details the soil measurements
as the fundamental issue from an exposure perspective in
the degree of contamination of the soil with dioxin-like
compounds, a concern that has received international
attention (3, 4).
The establishment of the degree of soil contamination in
the Midland/Saginaw area has been the subject of several
studies. Hilscherova et al. (5) analyzed soil and sediment
samples from about 100 locations along the Tittabawassee
River finding that the toxic equivalent (TEQ), on the basis of
17 PCDDs and PCDFs using the 1998 World Health Orga-
nization (WHO) toxic equivalency factors (TEFs) (6) desig-
nated here as TEQDF-1998, ranged from 4 to 1980 pg/g, similar
to concentrations at other industrially impacted sites (7).
Yet, these were targeted samples and included both river
sediment and floodplain soil and, as such, they may not be
representative of the concentrations to which the population
is exposed. The Agency for Toxic Substances and Disease
Registry (ATSDR) completed a health consultation (8) looking
at 22 residential properties of which 15 were determined to
have TEQ levels above Michigan Department of Environ-
mental Quality’s (MDEQ) soil direct contact criterion of 90
pg/g TEQ. These values were higher than the mean TEQDF-
1998 obtained by MDEQ from sampling 52 urban and rural
locations in the lower peninsula of Michigan of 6.7 pg/g (9)
comparable to the value of 7.0 pg/g obtained in the Denver
Front Range Study (10) as well as to those obtained in other
industrial countries (11). The health consultation concluded
that, although there was evidence of soil contamination, the
* Corresponding author phone: (734) 763-3708; fax: (734) 763-
2275; e-mail: averyd@umich.edu.
† University of Michigan College of Engineering.
‡ LimnoTech.
§ National Chung Hsing University.
| Department of Environmental Health Sciences, University of
Michigan School of Public Health.
⊥ Department of Biostatistics, University of Michigan School of
Public Health.
¶ University of Michigan Ann Arbor.
9 Vista Analytical Laboratory.
Environ. Sci. Technol. 2008, 42, 5441–5448
10.1021/es702554g CCC: $40.75  2008 American Chemical Society VOL. 42, NO. 15, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 5441
Published on Web 06/27/2008
TABLE 1. Number of Samples, Arithmetic Mean TEQ, Standard Error (in Parentheses), Median, 75th and 95th Percentiles (in
Italics), and Range for Each Soil Composite Type for the Five Areas (in pg/g)a
(A) TEQDFP-2005 HP 0-1 in. HP 1-6 in. garden NR 0-1 in. NR 1-6 in.
floodplain
N ) 203 N ) 198 N ) 132 N ) 191 N ) 191
56.5 (9.7) 56.2 (11.1) 50.7 (11.0) 238.5 (40.5) 286.6 (52.3)
11.4, 35.4, 223.1 10.3, 25.6, 214.4 9.1, 31.5, 218.4 14.5, 242.5, 1041.8 11.8, 298.5, 1242.3
1.1-1881.4 1.1-2164.7 1.6-2199.3 1.1-7258.2 0.7-5356.8
plume
N ) 37 N ) 36 N ) 27 NA NA
109.2 (31.0) 101.1 (35.9) 64.0 (15.1)
58.2, 111.9, 257.2 54.2, 70.8, 251.1 53.8, 59.7, 323.9
6.3-745.5 7.0-849.9 19.6-323.9
near floodplain
N ) 164 N ) 75 N ) 100 NA NA
52.0 (36.7) 64.7 (28.3) 20.4 (4.9)
3.9, 10.4, 102.9 11.2, 36.8, 306.3 5.4, 11.6, 90.5
0.8-2299.8 1.3-705.5 0.7-547.0
other N ) 168 N ) 87 N ) 101 NA NA
Midland/Saginaw
13.5 (2.0) 114.3 (99.6) 9.8 (1.0)
5.3, 13.2, 59.4 11.1, 18.2, 64.6 4.2, 12.1, 37.3
0.8-157.7 1.1-11219.1 0.4-89.4
Jackson/Calhoun
N ) 194 N ) 53 N ) 124 NA NA
6.9 (0.8) 11.2 (1.1) 4.9 (1.4)
3.6, 7.6, 22.6 8.8, 13.2, 29.9 2.5, 5.2, 14.5
0.4-186.2 0.9-35.3 0.3-72.8
(B) TEQDF-2005 HP 0-1 in. HP 1-6 in. garden NR 0-1 in. NR 1-6 in.
floodplain
N ) 203 N ) 198 N ) 132 N ) 191 N ) 191
55.7 (9.7) 55.4 (11.1) 49.5 (11.0) 237.2 (40.4) 285.0 (52.2)
10.6, 35.1, 220.0 9.9, 24.4, 213.9 8.8, 31.2, 217.7 12.7, 240.5, 1038.3 11.2, 295.8, 1231.7
1.0-1878.3 1.0-2159.6 1.0-2197.5 1.0-7242.0 0.7-5335.3
plume
N ) 37 N ) 36 N ) 27 NA NA
103.3 (30.6) 97.6 (35.7) 60.1 (12.1)
57.6, 96.1, 245.7 53.3, 69.9, 249.3 53.0, 58.7, 260.9
4.5-742.9 6.8-847.5 19.3-260.9
near floodplain
N ) 164 N ) 75 N ) 100 NA NA
51.7 (36.7) 64.3 (28.3) 20.1 (4.9)
3.6, 10.1, 102.7 11.0, 32.7, 305.4 5.0, 11.5, 90.3
0.8-2298.6 1.1-704.8 0.7-546.7
other N ) 168 N ) 87 N ) 101 NA NA
Midland/Saginaw
12.8 (2.0) 113.4 (99.5) 9.3 (1.0)
4.5, 11.9, 56.7 10.1, 17.2, 64.1 3.7, 11.1, 36.8
0.8-157.4 1.0-11217.4 0.4-88.8
Jackson/Calhoun
N ) 194 N ) 53 N ) 124 NA NA
4.8 (0.5) 8.1 (1.2) 3.1 (0.3)
2.9, 5.7, 12.2 6.8, 8.7, 22.2 2.0, 4.0, 9.4
0.3-64.1 0.7-31.9 0.2-18.5
(C) TEQDFP-1998 HP 0-1 in. HP 1-6 in. garden NR 0-1 in. NR 1-6 in.
floodplain
N ) 203 N ) 198 N ) 132 N ) 191 N ) 191
72.2 (12.7) 71.9 (14.6) 64.4 (14.5) 302.1 (52.1) 363.4 (67.5)
12.6, 41.6, 294.0 11.8, 30.8, 276.5 10.3, 40.4, 250.1 15.0, 283.3, 1329.6 12.6, 393.0, 1469.0
1.2-2483.5 1.2-2841.1 1.8-2951.8 1.2-9351.0 0.8-6758.9
plume
N ) 37 N ) 36 N ) 27 NA NA
121.2 (38.7) 114.4 (45.5) 68.4 (17.1)
59.2, 114.1, 270.7 58.0, 71.4, 294.7 54.7, 62.5, 363.1
6.9-925.8 7.1-1070.9 19.9-363.1
near floodplain
N ) 164 N ) 75 N ) 100 NA NA
67.8 (48.7) 83.2 (36.9) 25.3 (6.5)
4.3, 11.0, 135.3 12.1, 47.8, 403.7 6.0, 12.6, 117.6
0.9-3055.9 1.3-919.4 0.8-730.3
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samples among the five areas using a t test (SAS PROC
Surveyreg, SAS Institute, Cary, NC) for the geometric mean
and a Wald chi-square test (SAS PROC Surveylogistic, SAS
Institute, Cary, NC) using the 75th (TEQDFP-2005 ) 7.6 pg/g)
and 95th (TEQDFP-2005) 22.6 pg/g) percentiles of the Jackson/
Calhoun samples as cutpoints (Table 2). Because of their
skewness (Figure S3), the data were log-transformed, which
resulted in a normal distribution, an assumption underlying
the t test. The p-values presented in Table 3 indicate that the
HP 0-1 in. samples from all the target areas have statistically
significantly higher geometric means than the corresponding
samples from Jackson and Calhoun Counties indicating
statistically significant concentrations of dioxin-like chemi-
cals above background levels. In addition, the probability
that the TEQDFP-2005 of the HP 0-1 in. sample is above the
cutpoints is greater in the target areas (with the exception
of the probability of being above 7.6 pg/g in the near
floodplain) than in Jackson/Calhoun. Furthermore, the
comparison between the plume and the floodplain HP 0-1
in. samples shows that the TEQDFP-2005 in the plume has a
higher geometric mean as well as a greater probability of
being above the cutpoints than in the floodplain. The
differences in the geometric mean and probabilities of being
above the cutpoints between the near floodplain and the
other Midland/Saginaw samples are not statistically signifi-
cant. On the basis of previous sampling campaigns, it was
expected that the plume and the floodplain areas had higher
levels than background; this study indicates that the differ-
ence is statistically significant and is not based on conven-
ience or targeted sampling. The higher levels in the near
floodplain and other Midland/Saginaw samples were un-
anticipated and suggest either the movement of contami-
nated soils to those areas or the presence of additional sources
other than the Tittabawassee River or the Dow incinerator.
Because of the statistical sampling design, these results
could be used to develop inferences for households in these
areas. Perhaps of greatest concern to the area residents is
the possibility of contamination on their property. Table 4
shows the percentages of properties estimated to have at
least one soil sample above MDEQ’s soil direct contact
criterion of TEQ ) 90 pg/g or above EPA’s screening level of
TEQ ) 1000 pg/g. Over one-third of the properties in the
floodplain and the plume (36.5% and 35.8%, respectively)
were estimated to have a soil sample with a TEQ over 90
pg/g. Furthermore, an appreciable number of properties
outside the floodplain and the plume, 9.7% for the near
floodplain and 1.7% for other Midland/Saginaw, were
estimated to have a soil sample that exceeds 90 pg/g. Even
0.3% of the properties in Jackson/Calhoun, the background
comparison area, were estimated to have a soil sample over
MDEQ’s criterion.
In addition to the data for the HP 0-1 in. composites,
Table 1 presents the mean and median TEQDFP-2005 values for
the other types of soil composites. The NR composites for
the floodplain population, both the 0-1 in. and the 1-6 in.,
have decidedly higher mean TEQ values than the HP
composites; yet, they have similar medians. This observation
indicates that the more heavily contaminated soil is con-
centrated adjacent to the river rather than around the exterior
of the houses; it also suggests that the distribution of the
contamination is heterogeneous. The high mean TEQDFP-2005
for the HP 1-6 in. composites for the other Midland/Saginaw
samples of 114.3 pg/g is primarily due to an outlier as the
maximum value for this composite type is 11 219 pg/g, almost
2 orders of magnitude higher than the maximum value of
the HP 0-1 in. composites for this area. The mean TEQDFP-
2005 of the garden composites in the floodplain is 50.7 pg/g,
similar to the mean TEQs of the HP composites (56.5 pg/g
for HP 0-1 in. and 56.2 pg/g for HP 1-6 in.), suggesting that
the gardens are generally constructed of soil from around
the house rather than from soil adjacent to the river. In
contrast, the mean TEQ of the garden composites from the
plume is 64.0 pg/g, considerably lower than that of
the plume’s HP composites of about 101-109 pg/g, yet the
median values are again similar. This discrepancy may be
due to the mixing in of less contaminated soil in the garden,
either commercial soil or underlying soil.
TABLE 1. Continued
(C) TEQDFP-1998 HP 0-1 in. HP 1-6 in. garden NR 0-1 in. NR 1-6 in.
other N ) 168 N ) 87 N ) 101 NA NA
Midland/Saginaw
15.6 (2.4) 152.9 (135.8) 10.7 (1.1)
5.5, 14.6, 74.3 12.9, 22.5, 83.7 4.5, 12.6, 37.9
0.9-205.0 1.1-15308.7 0.4-115.9
Jackson/Calhoun
N ) 194 N ) 53 N ) 124 NA NA
8.3 (1.3) 13.2 (1.4) 5.5 (1.6)
3.6, 8.5, 23.8 10.3, 14.5, 35.5 2.7, 5.7, 14.8
0.4-329.7 1.0-45.1 0.3-87.9
a TEQDFP-2005 is calculated using the 29 PCDD, PCDF, and PCB congeners specified by the WHO and the 2005 TEFs (14);
TEQ DF-2005 is calculated using the 17 PCDD and PCDF congeners specified by the WHO and the 2005 TEFs (14); TEQ DFP-1998
is calculated using the 29 PCDD, PCDF, and PCB congeners specified by the WHO and the 1998 TEFs (6). HP ) house
perimeter; NA ) not applicable; NR ) near river.
TABLE 2. Statistics for Pair-Wise Comparisons of TEQDFP-2005
for HP 0-1 Inch Soil Compositesd
area
geometric
mean
TEQDFP-2005
(pg/g)
percent
above
7.6 pg/ga
percent
above
22.6 pg/gb
floodplain 15.7 68 31
plume 73 98 97
near floodplain 5.9 33 14
other M/S 6.6 41 15
Jackson/Calhoun 3.5 24c 5
a TEQDFP-2005 ) 7.6 pg/g is the 75th percentile of the
Jackson/Calhoun distribution. b TEQDFP-2005 ) 22.6 pg/g is
the 95th percentile of the Jackson/Calhoun distribution.
c The 75th percentile for Jackson/Calhoun is actually 7.5800
pg/g, which was rounded to 7.6 pg/g for the purposes of
the Wald chi-square test. Because of the multiple values
between 7.5800 and 7.600, actually 24.07% is above 7.600
pg/g in Jackson/Calhoun. d HP ) house perimeter; J/C )
Jackson/Calhoun; M/S ) Midland Saginaw.
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The percent contributions to the TEQDFP-2005 of the 29
individual congeners for the HP 0-1 in. composites are shown
in Figure 1 with the arithmetic mean, standard error, median,
and LOD for the individual congener concentrations (un-
weighted by TEFs) given in Table S1. Figure 1 shows three
major patterns. In the floodplain composites, the majority
of the TEQDFP-2005 (on the basis of the arithmetic mean) is
attributable to 2,3,4,7,8-PeCDF, 2,3,7,8-TCDF, 2,3,7,8-TCDD,
1,2,3,7,8-PeCDD, and 1,2,3,4,7,8-HxCDF in that order (the
same order occurs using TEQDFP-1998). This ranking differs
from that in Hilscherova et al. (5) in which the top five
congeners in the downstream soil samples were (TEQDF-1998):
2,3,4,7,8-PeCDF, 1,2,3,7,8-PeCDF, 2,3,7,8-TCDF, 1,2,3,4,7,8-
HxCDF, and 1,2,3,4,6,7,8-HpCDF with no dioxins making
the list. The discrepancy may be attributable to the difference
in sampling strategies employed in the two studies. Hilschero-
va et al. (5) analyzed seven downstream soil samples taken
from known locations of contamination (minimum TEQDF-
1998 measured was 250 pg/g). This study analyzed 203
composites taken from a random sampling of properties
located in the Tittabawassee River floodplain. Even though
located in the floodplain, the specific soil sample locations
may not have been flooded with contaminated water. Thus,
the pattern observed here represents more of a floodplain
average than a pattern symptomatic of the floodwater
contamination. In contrast, the TEQ in the plume is
dominated by 2,3,7,8-TCDD with a mean contribution of
43%. The next highest contributor is 1,2,3,7,8-PeCDD with
a mean contribution of about 19%. The dominance of the
pattern in the plume by these two congeners is at the high
end of the range obtained in the targeted sampling performed
by MDEQ in which these two congeners together comprised
about 35-65% of the TEQDF-1998 (20).
The near floodplain and other Midland/Saginaw samples
exhibit a somewhat similar pattern to that in the floodplain
but with the important variation that the contributions from
2,3,4,7,8-PeCDF and 2,3,7,8-TCDF have diminished and those
from 2,3,7,8-TCDD and 1,2,3,7,8-PeCDD have increased. In
fact, the congener pattern in the other Midland/Saginaw
samples has some features of the pattern in Jackson/Calhoun
with larger contributions from 1,2,3,4,6,7,8-HpCDD and PCB
126. Thus, the patterns in these samples seem to be a mixture
of the floodplain pattern and a background pattern repre-
sented by Jackson/Calhoun. The fact that these areas’ samples
have elements of the floodplain pattern suggests that some
properties in these areas may have been flooded, although
they were located outside the 100-year FEMA floodplain of
the Tittabawassee River and were not known to have been
flooded or that contaminated soil had been moved to these
areas.
The top five congeners contributing to the TEQDFP-2005 in
the Jackson/Calhoun samples are PCB 126 (16.5%) followed
by slightly lower contributions of 1,2,3,7,8-PeCDD, 1,2,3,4,
6,7,8-HpCDD, and 2,3,4,7,8-PeCDF and again by a slightly
lower contribution of 2,3,7,8-TCDD. Similarly, the Denver
Front Range study (10) found that PCB 126 was usually the
biggest contributor to the TEQDFP-1998 in residential soils,
accounting for an average of 18.2% commensurate with
1,2,3,7,8-PeCDD (at 18.5%), followed by 1,2,3,4,6,7,8-HpCDD,
2,3,4,7,8-PeCDF, and 2,3,7,8-TCDD. Since the highest mean
TABLE 3. p-Values for Pair-Wise Comparisons of TEQDFP-2005 Among the HP 0-1 Inch Soil Composites from the Five Areasa
area plume near floodplain other M/S Jackson/ Calhoun
floodplain
geometric mean <0.0001- <0.0001+ <0.0001+ <0.0001+
odds > 7.6 pg/g 0.0015- <0.0001+ <0.0001+ <0.0001+
odds > 22.6 pg/g <0.0001- 0.0016+ 0.0043+ <0.0001+
plume
geometric mean <0.0001+ <0.0001+ <0.0001+
odds > 7.6 pg/g <0.0001+ <0.0001+ <0.0001+
odds > 22.6 pg/g <0.0001+ <0.0001+ <0.0001+
near FP
geometric mean 0.6162- 0.0098+
odds > 7.6 pg/g 0.2702- 0.1378+
odds > 22.6 pg/g 0.8480- 0.0112+
other M/S
geometric mean <0.0001+
odds > 7.6 pg/g 0.0018+
odds > 22.6 pg/g 0.0075+
a HP ) house perimeter; FP ) floodplain; M/S ) Midland/Saginaw. Geometric means were compared using a t test, and
the results are given in the first row for each area. The probabilities of being above 7.6 pg/g [Jackson/Calhoun’s 75th
percentile] or 22.6 pg/g [Jackson/Calhoun’s 95th percentile] were compared using a Wald chi test, and the results are given
in the second and third rows, respectively, for each area. p-values of <|0.05| indicate statistical significance. “+” after the
p-value indicates that the samples from the area listed in the row have a higher geometric mean or a higher probability of
being above the cutpoints than the samples from the area listed in the column. “-” after the p-value indicates that the
samples from the area listed in the row have a lower mean or a lower probability of being above the cutpoint than the
samples from the area listed in the column.
TABLE 4. Estimate of Percentages of Properties with at Least One Soil Compositea Over TEQ = 90 pg/g or Over TEQ = 1000 pg/g
TEQDFP-2005 (pg/g) TEQDF-2005 (pg/g) TEQDFP-1998 (pg/g)
area over 90 over 1000 over 90 over 1000 over 90 over 1000
floodplain 36.5 7.0 36.5 7.0 38.0 10.7
plume 35.8 0.0 35.8 0.0 38.1 4.2
near floodplain 9.7 1.6 9.7 1.6 10.8 1.6
other M/S 1.7 0.4 1.7 0.4 2.4 0.4
Jackson/Calhoun 0.3 0.0 0.0 0.0 1.8 0.0
a The soil composite may be any of the five types of composites. TEQDFP-2005 is calculated using the 29 PCDD, PCDF, and
PCB congeners specified by the WHO and the 2005 TEFs (14); TEQDF-2005 is calculated using the 17 PCDD and PCDF
congeners specified by the WHO and the 2005 TEFs (14); TEQDFP-1998 is calculated using the 29 PCDD, PCDF, and PCB
congeners specified by the WHO and the 1998 TEFs (6). M/S ) Midland/Saginaw.
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contributor to the TEQ is PCB 126, this nonortho PCB, at
least, needs to be characterized in examining background
TEQs. In this study and in the Denver Front Range Study, the
additional contribution of other PCBs is small, 1.9% and 4.3%,
FIGURE 1
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respectively. Yet in other situations, the contribution may be
appreciable as in the study by Pirard et al. (4) in rural France
where the mono-ortho dioxin-like PCBs contributed an
average of 10.8% to the background TEQDFP-1998.
To evaluate the impact of the multiple conventions for
calculating the TEQ, the mean and median TEQ were calculated
as TEQDFP-2005, TEQDF-2005, and TEQDFP-1998 (Table 1). (The
individual congener concentrations provided in Table S1 allow
the calculation of the TEQ using additional conventions, for
example, on the basis of the subset of 21 congeners utilized in
the National Health and Nutrition Examination Survey
(NHANES) (21).) In the floodplain, the difference in mean TEQ
using the 1998 TEFs (6) versus the 2005 TEFs (14), across all soil
composite types, is a reduction of about 21%, whereas in the
plume and in Jackson/Calhoun, the reduction is 10% and 14%,
respectively. The difference is attributable to the different
congener patterns (Figure 1). In the floodplain, the TEQ is
dominated by the PCDFs. The TEFs for three PCDFs changed:
1,2,3,7,8-PeCDF, from 0.05 to 0.03; 2,3,4,7,8-PeCDF, from 0.5 to
0.3; and OCDF, from 0.0001 to 0.0003 (14). Since only 2,3,4,7,8-
PeCDF figures prominently in the floodplain congener pattern,
the reduction in TEQ for these samples is primarily due to the
decrease of 40% in this compound’s TEF.
In contrast, the mean contribution to the TEQ in the plume
is greater for the PCDDs than for the PCDFs. The only PCDD
whose TEF changed is OCDD, whose value increased from
0.0001 to 0.0003, yet this compound has a mean contribution
of only 1.8% to the TEQ in the plume. In Jackson/Calhoun, of
the top five congeners, the TEF only changed for 2,3,4,7,8-
PeCDF. Thus, the decreases in the TEQ for the plume and
Jackson/Calhoun also stem from the reduction in the TEF for
2,3,4,7,8-PeCDF. Despite the changes in the TEFs for 10 of the
12 PCBs, the impact is minimal here because the TEF for the
dominant PCB, PCB 126, did not change. Because of the minor
contribution of the PCBs to the TEQ in the samples from
Midland and Saginaw Counties, the TEQDF-2005 is only a bit lower
than the TEQDFP-2005, less than 5%. The only samples where the
inclusion of the PCBs make an appreciable difference is in
Jackson/Calhoun: a 30.4% decrease in the mean for the HP
0-1 in. composites if the PCBs are not included.
FIGURE 1. Contribution to TEQDFP-2005 of the individual congeners for the HP 0-1 in. samples. The plus sign indicates the arithmetic
mean. The horizontal line across the box indicates the 50th percentile (median), the lower and upper margins of the box indicate the
25th percentile and 75th percentile, respectively; the upper ticked line extends to the 99th percentile, and the lower ticked line
extends to the 1st percentile. The stars show the values above the 99th percentile and below the 1st percentile.
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Perhaps of greater importance is the impact of the various
ways of calculating the TEQ on the percentage of properties
over 90 pg/g and over 1000 pg/g. The percentage of properties
in the floodplain and plume over 90 pg/g dropped roughly
two percentage points and the percentage over 1000 pg/g
dropped about four percentage points with the recalculation
of the TEQ using the 2005 TEFs (Table 4) implying that
hundreds of properties that might have qualified for remedial
action may no longer do so. The percentages did not change
with the recalculation of the TEQs without the PCBs except
in the case of Jackson/Calhoun because only in these samples
was a PCB among the top contributors to the TEQ.
Many studies of soil contamination rely on a qualitative
evaluation of whether a particular area is contaminated. This
study employed a probabilistic sampling design that allowed
for a statistical determination as to whether the soil concentra-
tions in the target areas were above background. On the basis
of this analysis, it was determined that the geometric mean soil
concentrations in all four target areas in Midland, Saginaw,
and Bay Counties, not just the Tittabawassee River floodplain
and the incinerator plume in the City of Midland, were elevated
relative to background. In addition, the probabilities of a soil
sample having a concentration above the 75th and 95th
percentiles of background were statistically greater in these
areas. Furthermore, the data presented here showed the
importance of measuring PCB 126 in determining the total TEQ
of the background as this compound contributed about 16.5%
to the overall TEQ (Figure 1) in the comparison community of
Jackson and Calhoun Counties. This study also showed that
the reevaluation of the TEFs by the WHO was not inconse-
quential as the mean TEQ in the floodplain, for example,
decreased by 21% resulting in a substantial decrease in the
number of properties that might qualify for remedial action.
With the establishment of statistically significant elevated
concentrations of dioxin-like compounds in the soil in the
Midland area, the subsequent issue is whether exposure of
the area residents to this contamination has resulted in
elevated levels of these compounds in the population’s serum.
UMDES included the collection of serum from the residents
whose soil was sampled. The statistical analysis of the
relationship between the concentrations of these compounds
in soil and in the area residents’ serum is presented in
Garabrant et al. (13).
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Figure S1.  Map of the lower peninsula of the State of Michigan showing the UMDES study areas.  Shaded 
area along Tittabawassee River shows the river’s 100-year FEMA floodplain.  The floodplain is very narrow 
until it approaches the City of Saginaw.   
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Figure S2.  Location of sampling stations at residences.  The dotted circles represent the sampling stations.  
The small dark circles represent the individual cores.   
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Figure S3.  Histogram of TEQDFP-2005 for Near River 0-1 inch soil samples showing the skewness of the 
distribution.   
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Table S1.  Mean Concentration, Standard Error (in parentheses), Median, 75th and 95th Percentiles (in 
italics), Number of Samples Below LOD and Median LOD [in brackets] for Each Congener for HP 0-1 Inch 
Soil Composites for the Five Areas (in pg/g without TEQ adjustment) 
Mean (Standard Error) 
Median, 75%ile, 95%ile 
# < LOD [Median LOD] 
Floodplain Plume Near  
Floodplain 
Other M/S Jackson/ 
Calhoun 
2,3,7,8-TCDD 2.1 (0.3) 
1.3, 2.3, 5.3 
11 [0.4] 
36.6 (5.0) 
32.1, 46.3, 93.0 
0 [NA] 
1.0 (0.1) 
0.7, 1.2, 3.2 
24 [0.4] 
2.5 (0.7) 
0.9, 1.8, 7.6 
24 [0.3] 
0.9 (0.2) 
0.2, 0.3, 2.6 
125 [0.2] 
1,2,3,7,8-PeCDD 1.6 (0.1) 
1.1, 2.0, 4.7 
11 [0.8] 
16.0 (2.1) 
11.1, 19.3, 41.9 
0 [NA] 
1.0 (0.2) 
0.7, 1.0, 2.7 
16 [0.4] 
1.5 (0.2) 
0.9, 1.5, 5.0 
13 [0.5] 
0.7 (0.1) 
0.4, 0.8, 1.6 
45 [0.2] 
1,2,3,4,7,8-HxCDD 1.5 (0.1) 
1.1, 1.9, 3.8 
13 [0.7] 
12.7 (1.8) 
10.0, 14.3, 36.6 
0 [NA] 
1.0 (0.1) 
0.6, 1.0, 2.6 
14 [0.4] 
1.4 (0.1) 
1.0, 1.5, 3.9 
8 [0.4] 
0.9 (0.1) 
0.6, 1.0, 2.7 
25 [0.2] 
1,2,3,6,7,8-HxCDD 4.4 (0.4) 
2.9, 4.8, 11.7 
0 [NA] 
29.7 (4.7) 
20.6, 38.2, 87.6 
0 [NA] 
3.0 (0.7) 
1.4, 2.6, 5.6 
3 [0.7] 
3.7 (0.3) 
2.4, 4.1, 11.6 
0 [NA] 
2.8 (0.3) 
1.8, 3.2, 7.5 
10 [0.3] 
1,2,3,7,8,9-HxCDD 3.0 (0.3) 
2.1, 3.4, 7.5 
3 [1.4] 
20.3 (2.8) 
14.8, 24.0, 56.2 
0 [NA] 
1.9 (0.2) 
1.2, 1.9, 4.4 
3 [0.8] 
2.8 (0.2) 
1.9, 3.4, 7.4 
1 [0.6] 
2.0 (0.2) 
1.4, , 2.4, 5.6 
9 [0.5] 
1,2,3,4,6,7,8-HpCDD 87.6 (10.7) 
50.5, 95.2, 226 
0 [NA] 
532.1 (76.3) 
370.0, 705.5, 1410 
0 [NA] 
63.6 (20.7) 
21.7, 48.2, 135 
0 [NA] 
76.0 (6.4) 
43.8, 92.9, 259.0 
0 [NA] 
65.0 (7.8) 
36.2, 78.2, 212 
0 [NA] 
OCDD 792.3 (107.6) 
423.5, 886, 2110 
0 [NA] 
4943.8 (708.9) 
3560, 6770, 11800 
0 [NA] 
533.4 (148.6) 
158, 419, 1360 
0 [NA] 
677.0 (69.1) 
333.0, 766.0, 2430 
0 [NA] 
592.0 (82.3) 
274, 728, 1700 
0 [NA] 
2,3,7,8-TCDF 167.7 (35.2) 
14.4, 65.5, 736 
0 [NA] 
90.4 (74.5) 
6.8, 18.3, 333.0 
0 [NA] 
150.4 (113.1) 
1.9, 10.0, 328 
1 [1.1] 
19.0 (5.3) 
1.1, 5.2, 120 
19 [0.5] 
1.1 (0.1) 
0.5, 1.4, 2.8 
31 [0.3] 
1,2,3,7,8-PeCDF 78.8 (15.2) 
7.4, 36.0, 337.5 
1 [0.3] 
51.2 (40.8) 
5.5, 13.5, 131.0 
0 [NA] 
90.0 (71.1) 
1.4, 6.7, 174 
3 [0.3] 
9.9 (2.5) 
0.9, 3.9, 72.6 
23 [0.4] 
0.9 (0.1) 
0.4, 1.1, 2.9 
40 [0.2] 
2,3,4,7,8-PeCDF 70.9 (13.7) 
7.6, 30.7, 322 
1 [0.9] 
49.6 (35.4) 
7.6, 20.4, 117.0 
0 [NA] 
70.0 (53.3) 
1.6, 6.4, 145 
2 [0.3] 
9.7 (2.1) 
1.4, 4.8, 66.8 
7 [1.0] 
2.4 (0.3) 
1.0, 3.0, 7.8 
13 [0.2] 
1,2,3,4,7,8-HxCDF 53.6 (9.5) 
6.5, 25.7, 229 
0 [NA] 
47.9 (29.3) 
13.2, 20.9, 199.0 
0 [NA] 
56.9 (44.0) 
1.8, 5.3, 112 
0 [NA] 
7.1 (1.5) 
1.4, 4.5, 34.8 
2 [0.5] 
2.0 (0.2) 
1.1, 2.1, 6.4 
14 [0.1] 
1,2,3,6,7,8-HxCDF 14.4 (2.2) 
3.5, 8.7, 49.1 
2 [0.1] 
23.3 (7.8) 
12.7, 17.8, 90.8 
0 [NA] 
14.5 (9.7) 
1.2, 3.2, 27.8 
4 [0.1] 
3.9 (0.5) 
1.8, 4.2, 13.4 
2 [<0.05] 
2.4 (0.3) 
1.2, 2.4, 10.2 
6 (0.2) 
1,2,3,7,8,9-HxCDF 10.2 (1.7) 
1.3, 5.3, 37.5 
22 [0.3] 
9.5 (5.3) 
3.1, 5.8, 31.1 
0 [NA] 
11.6 (9.0) 
0.3, 1.3, 22.6 
41 [0.2] 
1.7 (0.3) 
0.4, 1.0, 9.7 
39 [0.1] 
0.4 (0.1) 
0.2, 0.5, 1.1 
94 [0.1] 
2,3,4,6,7,8-HxCDF 8.1 (1.3) 
2.3, 5.8, 34.7 
3 [0.1] 
15.4 (5.0) 
7.2, 12.8, 44.6 
0 [NA] 
7.0 (4.6) 
0.8, 1.8, 13.9 
2 [0.4] 
2.7 (0.3) 
1.3, 3.1, 10.7 
1 [0.3] 
1.9 (0.2) 
1.0, 2.5, 6.5 
17 [0.2] 
1,2,3,4,6,7,8-HpCDF 88.5 (17.5) 
26.4, 70.9, 272 
0 [NA] 
221.2 (45.8) 
144, 225, 766 
0 [NA] 
43.6 (16.1) 
8.6, 23.6, 135 
0 [NA] 
31.3 (4.8) 
15.5, 32.4, 109 
0 [NA] 
30.1 (4.6) 
11.3, 31.1, 169 
0 [NA] 
1,2,3,4,7,8,9-HpCDF 5.6 (0.8) 13.2 (3.7) 4.3 (2.5) 1.9 (0.3) 1.1 (0.1) 
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1.6, 4.1, 16.7 
9 (0.4) 
7.9, 11.8, 53.2 
0 [NA] 
0.5, 1.4, 10.4 
20 [0.3] 
0.8, 2.0, 5.5 
12 [0.2] 
0.6, 1.2, 2.9 
50 [0.2] 
OCDF 132.1 (20.1) 
52.2, 105, 520 
0 [NA] 
511.5 (111.7) 
300, 497, 1370 
0 [NA] 
83.2 (31.3) 
14.7, 46.0, 207 
0 [NA] 
66.6 (10.2) 
29.2, 72.4, 217 
0 [NA] 
57.7 (10.7) 
21.7, 60.0, 189 
0 [NA] 
PCB 77 46.9 (9.9) 
18.5, 31.1, 110 
0 [NA] 
221.4 (120.1) 
55.4, 138, 2210 
0 [NA] 
35.7 (18.0) 
7.6, 17.9, 63.2 
0 [NA] 
38.0 (4.7) 
13.7, 43.9, 128 
0 [NA] 
79.0 (32.4) 
13.7, 38.1, 154.5 
0 [NA] 
PCB 81 2.8 (0.5) 
1.2, 2.5, 5.9 
15 [0.4] 
8.5 (3.0) 
3.1, 8.3, 56.7 
0 [NA] 
2.8 (1.2) 
0.6, 1.2, 13.6 
25 [0.5] 
2.3 (0.3) 
1.0, 2.3, 8.8 
23 [0.3] 
3.1 (1.1) 
0.8, 2.2, 6.4 
18 [0.2] 
PCB 126 7.2 (1.1) 
4.2, 7.1, 28.9 
2 [1.0] 
51.5 (28.3) 
9.3, 23.9, 509 
0 [NA] 
3.2 (0.4) 
1.8, 3.6, 10.5 
4 [1.3] 
6.8 (0.5) 
3.8, 8.1, 21.8 
7 [0.8] 
17.9 (5.7) 
4.4, 10.1, 39.8 
5 [0.3] 
PCB 169 1.0 (0.2) 
0.8, 1.0, 2.8 
26 [0.5] 
3.9 (1.6) 
1.4, 2.4, 25.5 
6 [1.3] 
0.6 (0.0) 
0.5, 0.6, 1.1 
40 [0.5] 
0.9 (0.1) 
0.6, 1.0, 2.2 
28 [0.5] 
1.0 (0.1) 
0.7, 1.2, 2.7 
50 [0.4] 
PCB 105 365.6 (80.7) 
151, 232, 1100 
0 [NA] 
5508.9 (4317.8) 
374.5, 936, 79000 
0 [NA] 
189.1 (50.2) 
48.8, 123, 843 
0 [NA] 
351.1 (34.1) 
131, 335, 1430 
0 [NA] 
2373.8 (1198.4) 
139, 497, 3090 
0 [NA] 
PCB 114 16.0 (3.3) 
6.7, 11.7, 53.5 
17 [0.8] 
269.5 (214.0) 
17.4, 72.7, 3915 
0 [NA] 
11.6 (3.7) 
1.9, 6.3, 38.8 
28 [0.9] 
14.4 (1.6) 
4.9, 12.4, 57.5 
31 [0.5] 
106.8 (60.0) 
4.3, 15.5, 126 
40 [0.6] 
PCB 118 655.1 (146.5) 
265, 429, 2350 
0 [NA] 
11995 (9571) 
678, 1860, 175000 
0 [NA] 
365.3 (98.9) 
91.9, 240, 1920  
0 [NA] 
648.8 (69.7) 
248, 565, 2500 
0 [NA] 
4982.7 (2601.1) 
244, 903, 7330 
0 [NA] 
PCB 123 17.3 (3.2) 
7.8, 14.1, 54.9 
6 (0.8) 
183.3 (139.8) 
16.7, 41.3, 2560 
0 [NA] 
9.2 (2.3) 
3.0, 7.0, 32.9 
12 [1.5] 
15.0 (1.1) 
7.4, 15.2, 58.3 
11 [0.6] 
87.9 (45.1) 
7.8, 22.8, 132 
13 [0.5] 
PCB 156 100.2 (18.7) 
48.6, 87.8, 307 
0 [NA] 
1615.9 (1213.3) 
103, 303, 22200 
0 [NA] 
51.6 (12.2) 
17.3, 39.9, 217 
0 [NA] 
118.6 (14.5) 
48.8, 113, 426 
1 [0.2] 
755.5 (371.6) 
68.9, 189, 1200 
0 [NA] 
PCB 157 25.4 (4.6) 
12.8, 21.2, 77.0 
0 [NA] 
369.9 (283.0) 
24.2, 69.4, 5180 
0 [NA] 
12.8 (2.9) 
4.8, 10.3, 50.7 
0 [NA] 
28.0 (3.2) 
12.6, 28.4, 97.5 
0 [NA] 
179.1 (83.6) 
15.9, 48.8, 333 
1 [0.5] 
PCB 167 40.8 (6.7) 
20.9, 36.2, 118 
1 [1.7] 
563.7 (402.2) 
38.4, 125, 7345 
0 [NA] 
20.8 (4.3) 
7.9, 16.7, 71.7 
1 [3.0] 
45.4 (5.1) 
20.5, 47.2, 153 
0 [NA] 
271.9 (126.5) 
27.9, 82.2, 477 
0 [NA] 
PCB 189 9.5 (1.2) 
4.9, 9.2, 33.2 
3 [0.9] 
86.7 (47.3) 
9.3, 29.8, 706.5 
0 [NA] 
3.7 (0.5) 
2.1, 4.3, 10.6 
3 [0.3] 
10.3 (1.4) 
4.6, 11.3, 29.7 
1 [0.1] 
37.8 (14.3) 
6.8, 18.3, 81.3 
8 [0.3] 
HP = house perimeter; LOD = Limit of detection; M/S = Midland/Saginaw; NA = not applicable. 
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